Introduction
============

In natural environments, bacterial species are rarely found alone and most often live in communities where they commonly form multispecies biofilms, which are composed of bacterial cells attached to a surface and to each other and are embedded in a self-produced matrix of extracellular polymeric substances ([@B29]). Bacteria in biofilms are sessile and are well protected against various stresses including host defenses; this protective effect can be further enhanced in a synergistic manner in a multispecies biofilm in comparison to a monospecies one ([@B53]; [@B16], [@B14]). The complex microbial community present in the human oral cavity, which contains more than 700 microbial species (mainly bacteria), is one of the best-described and has become the paradigm of multispecies biofilms ([@B58]; [@B44]). In this system, individual bacterial species compete and collaborate with other neighboring ones through metabolic interactions, which not only modify the local microenvironment such as pH and the amount of oxygen, making it more suitable for the growth of other species, but also provide a metabolic framework for the participating microorganisms by maximizing their potential to extract energy from limited substrates ([@B58]; [@B44]). However, the interplay between microbial species and the host in oral cavity can be seen as a fragile equilibrium, and disruption of this balance can have detrimental effects on health. Dental carries and periodontitis are just a few examples of polymicrobial oral diseases ([@B96]; [@B31]).

Multispecies infections have also been well described in chronic mammalian infections, such as the ones occurring in the lungs of cystic fibrosis patients ([@B15]). Multispecies biofilms also occur in bacteria residing in non-host environments including soil, seawater, and artificial habitats such as drinking water distribution systems, boat hulls, and dairy production processes ([@B111]; [@B16]; [@B47]; [@B58]; [@B107]).

Olive knot disease caused by *Pseudomonas savastanoi* pv. *savastanoi* (hereafter Psv) is considered one of the most serious diseases affecting olive trees (*Olea europaea* L.) in most olive growing regions worldwide and mainly in Mediterranean countries, which can lead to severe damage in olive groves, causing serious losses in terms of production ([@B93]). Recent studies have shown that the tumors (knots) caused in olive trees by this bacterium contain a multispecies bacterial community and that bacterial species of this microbiome collaborate with the pathogen in increasing the disease severity ([@B51]; [@B86]). Recent sequencing of the genome of *Psv* strains isolated in France ([@B100]; [@B5]) or Italy ([@B75]) as well as sequencing of the genome of three non-pathogenic bacterial species frequently associated with the olive-knot microbiome, namely *Pantoea agglomerans* (hereafter *Pa*; [@B76]), *Erwinia toletana* (hereafter *Et*; [@B85]), and *Erwinia oleae* (hereafter *Eo*; [@B74]), have shed light on possible interspecies interactions making this niche a model to study the establishment of a multispecies community in a plant disease.

In this review, after briefly introducing the olive knot disease, we focus on the olive-knot microbiome, reporting the current knowledge on the role of the harmless/beneficial endophytes *Pa*, *Et*, and *Eo* in disease development. Finally, we discuss possible future directions in the study of this bacterial multispecies interaction and their role in the disease.

The Olive Knot Disease
======================

The olive knot disease, caused by the Gram-negative phytopathogenic bacterium *Psv*, is characterized by the overgrowth formation (tumors, galls, or knots) in the aerial part of the olive trees, mainly on stems and branches and, occasionally, on leaves and fruits ([@B52]; [@B128]; [@B93]; [@B95]). It can be considered a chronic disease as its symptoms persist and recur for many years in olive trees. *Psv* is able to survive as an epiphyte on olive phyllospere ([@B34]; [@B94]), where its population is subjected to seasonal fluctuation: higher in spring and fall than in winter and summer ([@B34], [@B35]; [@B121]; [@B92]). Wounds caused by harvesting, pruning, hail, frost, and leaf scars, permit *Psv* to enter in the plant tissues and to generate knots. Analogously to the tumor-inducing bacterium, *Agrobacterium tumefaciens* ([@B109]), *Psv* may need plant-released signals from the wounds to activate the tumor formation, as when it enters through stomata it is not able to generate any visible symptoms ([@B114]). In fresh wounds of olive trees, the pathogen initially colonizes the tissues around the infection point and, through pectolytic and hemicellulolytic enzymes, disrupts the integrity of the host cells, producing cavities that are filled with the bacterium; alternatively, it can directly invade the xylem vessels ([@B65]; [@B99]; [@B63]). Successively, bacterial virulence factors, mainly indol-3-acetic acid (IAA) and cytokinins, provoke an increase in plant cell size (hypertrophy) followed by an abnormal cell division (hyperplasia; [@B98]; [@B93]). It is worth noting that bacterial IAA is synthesized from tryptophan in a pathway different from those present in plants, in which the genes *iaaM* (tryptophan monooxygenase) and *iaaH* (indoleacetamide hydrolase) are involved ([@B115]; [@B1]). Besides the phytohormones, which play a pivotal role, other virulence factors are involved in disease development. Analogously to many Gram-negative phytopathogenic bacteria, *Psv* also expresses its pathogenicity/virulence through the production of a type III secretion system (T3SS), by which it injects into plant cells more than 30 effectors involved in its virulence ([@B88]; [@B95]; [@B69]). T3SS mutants were not able to multiply in olive tissues and induce the formation of knots in woody olive plants ([@B110]; [@B88]; [@B95]). However, when young micropropagated olive plants were inoculated with T3SS mutants, tumors were generated without the formation of necrosis and internal open cavities, which are generated by the wild-type strain ([@B88]). A recent signature-tagged mutagenesis survey of the Psv NCPPB 3335 genes required for full fitness in olive plants identified a total of 58 genes, most of which are required for the expression of the highest disease severity in woody olive plants. Metabolic-related genes disrupted in these strains included genes encoding enzymes involved in the biosynthesis of nine amino acids (arginine, glutamic acid, histidine, isoleucine, leucine, methionine, proline, tryptophan, and valine) and three vitamins (biotin, cobalamin, and thiamine), as well as genes encoding putative sulfate, citrate, and amino acid transporters. Furthermore, this study unravels novel factors involved in the virulence of this pathogen, such as the Sec pathway, the type IV secretion system, a suite of genes involved in detoxification or tolerance to reactive oxygen species (ROS), peptidoglycan-related genes and factors involved in the metabolism of cyclic di-GMP (c-di-GMP; [@B68]). Quorum sensing (QS) intercellular regulation and communication system, mediated by *N*-acyl homoserine lactones (AHLs) also plays a major role in *Psv* virulence ([@B51]). AHLs are produced by an AHL synthase belonging to the LuxI-protein family, while a transcriptional sensor/regulator, belonging to the LuxR family, then forms a complex with the cognate AHL at threshold ("quorum") concentrations thereby affecting the transcription of target genes ([@B37]). It has been demonstrated that knockout mutants of the *luxR* and *luxI* homolog genes of *Psv* showed a reduced virulence when inoculated in olive plants ([@B51]).

Olive-Knot Microbiome
=====================

The presence inside the olive knots of bacterial species other than *Psv* has been documented for over one century. [@B105] isolated from olive knots a yellow-pigmented bacterium that was initially wrongly considered the causal agent of the disease. The error was highlighted by [@B90], who, on the basis of Savastano's description, identified the yellow bacterium as *Ascobacterium luteum* \[ = *Bacterium* (*Erwinia*) *herbicola*, now *Pa* ([@B40])\]. Savastano was able to fulfill Koch's postulates as he used a mixed inoculum containing prevalently *Psv* ([@B66]). Besides *Pa*, which has often been reported to be associated with olive knots ([@B116]; [@B36]; [@B82]; [@B51]), other endophytes have been reported to live inside this ecological niche, such as the characterized species *Et* ([@B101]) and *Eo* ([@B77]). According to [@B46], we use hereafter the term endophyte to indicate any bacterium that can be isolated from surface-disinfected plant tissue or extracted from inside the plant (i.e., inside the olive knots), and that does not visibly harm the plant.

A culture independent metagenomic approach, carried out in knot samples coming from different Italian regions and based on the amplification and sequencing of the hypervariable 16S rRNA regions, revealed that the gammaproteobacteria class was by far the most represented, accounting for up to 90% of the total bacterial population, with the most commonly found orders Pseudomonadales (mainly *Psv* which was estimated to represent approximately 50% of the total bacterial load in the knot) and Enterobacteriales ([@B86]). Within the Enterobacteriales, the most abundant bacteria belong to the *Pantoea* genera, while a common core of other bacterial genera was evident composed of *Clavibacter*, *Curtobacterium*, *Enterobacter*, *Erwinia*, *Hymenobacter*, *Kineococcus*, *Pectobacterium*, and *Sphingomonas* ([@B86]).

Current Knowledge on the Role of the Endophytes
===============================================

Among the endophytes living in the olive knots, the bacterial species *Pa*, is the most investigated. It is widespread in many diverse natural and agricultural habitats and is associated with many plants as a common epiphyte and endophyte ([@B57]; [@B60]). Adaptation of *Pa* to diverse microenvironments most probably allowed a rapid evolution even as a plant pathogen inducing gall formation on gypsophila ([@B24]), beet ([@B17]), Douglas fir ([@B33]), wisteria ([@B81]), and cranberry ([@B122]). The pathogenicity of *Pa* on gypsophila and beet plants, the strains belonging to the pvs. *gypsophilae* and *betae* respectively, is due to the presence in their genomes of plasmids presumably acquired through horizontal gene transfer (HGT; [@B64]). The pathogenicity islands present in these plasmids mainly harbor the *hrp* gene cluster encoding type III effector proteins and enzymes for IAA and cytokinin biosynthesis ([@B64]; [@B4]). *Pa* may be also involved indirectly in pathogenesis, by modifying the predisposition of plants to infection and/or by modifying the virulence and the activity of the true phytopathogen ([@B41]). The fact that the isolated colonies of *Pa* from olive knots were in average 15 times more numerous than those of *Psv* prompted [@B36] to investigate on the possible interaction between the two bacterial species. They observed that knots induced by *Psv* alone were smaller than those obtained in olive plants co-inoculated with *Psv* and *Pa*. Similar results were obtained by [@B66] and [@B50]. *Pa* strains isolated from olive knots are not pathogenic on olive trees, though the majority are able to induce hypersensitive reaction (HR) in tobacco leaves ([@B66]; [@B50]), a characteristic shared by many phytopathogenic bacteria ([@B13]). The recent genome sequencing of the HR-inducing strain DAPP-PG 734 of *Pa*, isolated from an olive knot ([@B76]), revealed the presence of a complete *hrc*/*hrp* gene cluster, the sequences having high similarity with those of the pear pathogens, *Erwinia amylovora* and *Erwinia pyrifoliae* ([@B73]). On the basis of this information, its pathogenicity on immature and mature pear fruits was evaluated ([@B73]). This strain induced a weak browning only on mature pear fruits ([@B73]). The production of IAA by *Pa* strains, that in some cases reaches values similar to those produced by *Psv* ([@B66]; [@B50]), is one of the hypotheses explaining the higher knot size observed in the co-inoculation experiments.

*Et* and *Eo* are also IAA-producing olive knot endophytes, which also caused an increase in disease severity when co-inoculated with *Psv* in olive plants ([@B50]; [@B51]). Interestingly, the growth in olive plants of *Pa*, *Et*, and *Eo* increases significantly in the presence of *Psv* ([@B66]; [@B50]). Recently the genomes of one strain of *Et* and one of *Eo* have been determined ([@B85]; [@B74]); analysis of these genomes might provide clues to their life inside the olive knot.

Members of multispecies bacterial communities communicate and cooperate via the exchange of public goods and chemical signaling molecules, while also competing for space and resources ([@B56]; [@B123]). Accumulating evidence suggests that *Et*, *Pa*, and *E*o form stable interspecies community with *Psv* and they communicate through QS N-AHL signals. *Et* as well as *Psv* produce C6-3-oxo-HSLs and C8-3-oxo-HSLs, *Pa* produces C4-HSLs and C6-HSLs whereas *Eo* produces C6-HSLs and C8-HSLs ([@B50]; [@B51]). The fact that *Et* and *Psv* produce structurally the same AHLs, prompted [@B51] to investigate whether they were able to share these signals. Co-inoculation experiments between a *Psv* AHL synthase mutant, which is unable to produce AHLs and was less virulent, and the wild-type strain of *Et* revealed that the *Psv* mutant was able to induce knot formation in olive plants just like the wild-type strain. It is reasonable to hypothesize that the two strains form a consortium, where *Et* rescues the virulence of *Psv* by providing AHLs to the *Psv* mutant, which is then able to induce AHL QS target gene expression resulting in olive knot formation. Similar pairwise inoculations were also performed with a wild-type strain of *Pa* and the *Psv* AHL synthase mutant and only partial restoration of knot formation was observed. This could be due to *Pa* producing structurally close but different AHLs than *Psv* ([@B51]). Although analogous experiments with *Eo* have not yet been performed, it is possible to assume that *Eo* has a behavior similar to *Pa*, considering that both produce C6-HSLs. It is believed that in the wild, it is not uncommon to share AHL signals bacteria also due to the promiscuity of the LuxR regulator-receptor protein, which are often capable of responding to structurally different AHL signals ([@B113]; [@B27]). On the basis of the above described results and the model proposed by [@B56], it is possible to schematize at least two possible relationships (symmetrical and asymmetrical) between the "niche-maker" *Psv* and the other investigated olive-knot "resident" endophytes, *Et*, *Pa*, and *Eo*, all of which produce IAA and can therefore be considered a public good within the consortium (Figure [1](#F1){ref-type="fig"}). *Psv* and *Et* can mutually utilize AHL signals and public goods (symmetrical relationship). An asymmetrical relationship on the other hand can occur between *Psv* and *Pa* or *Eo*; *Psv* possibly exploits the signals of *Pa* and *Eo* and vice versa.

![**Model representing the interactions between olive cells, *Pseudomonas savastanoi* pv. *savastanoi* (*Psv*, green bacterial cell) and the endophytes, *Pantoea agglomerans* (*Pa*, yellow), *Erwinia toletana* (*Et*, pink), and *Erwinia oleae* (*Eo*, blue).** In the intercellular space of the olive tissues, *Psv* and *Et* produce and perceive the quorum sensing signals C6-3-oxo-HSL and C6-3-oxo-HSL (symmetrical sharing, red line). *Pa* (blue line), and probably *Eo* (dashed blue line), establish an asymmetrical sharing with *Psv*. In fact, *Pa* produce the quorum sensing signals C4-HSL and C6-HSL, which one or both are perceived by *Psv*; *Eo* produces C6-HSL and C8-HSL. Microbial associated molecular patterns (MAMPs) are produced by *Psv* and the other endophytes (e.g., flagellin); they are recognized by specific plant receptors (red box) and defense responses are activated in the host plant (MAMP-triggered immunity, MTI). Among the defense responses, accumulations of salicylic acid (SA) and other phenolic compounds (e.g., oleuropein) can occur in the intercellular space. By contrast, the following enzymes present in the genomes of *Psv*, *Pa*, *Et*, and *Eo* could collaborate in demolishing SA and oleuropein: (1) β-glucosidase (EC 3.2.1.21); (2) salicylate hydroxylase (EC 1.14.13.1); (3) catechol 1,2-dioxygenase 1 (EC 1.13.11.1); (4) muconate cycloisomerase (EC 5.5.1.1); (5) muconolactone isomerase (EC 5.3.3.4); (6) β-ketoadipate enol-lactone hydrolase (EC 3.1.1.24); (7) 3-oxoadipate CoA-transferase subunit A (EC 2.8.3.6); and (8) acetyl-CoA C-acyltransferase (EC 2.3.1.16). In addition, through the type III secretion system (pilus Hrp), *Psv* injects a cocktail of effectors inside the olive cells, many of which are involved in suppressing plant defense responses. Also *Pa*, which has a complete *hrc/hrp* gene cluster, could inject the defense-suppressive effector DspA/E. M = *cis*, *cis*-muconate; ML, (+)-muconolactone; oADL, 3-oxoadipate-enol-lactone; oAD, 3-oxoadipate; oAD-CoA, 3-oxoadipyl-CoA; A-CoA, acetyl-CoA.](fpls-06-00434-g0001){#F1}

The hypothesis of formation of a stable consortium between *Psv* and the harmless resident of the olive knots, *Et*, *Pa*, or *Eo* is further strengthened by the epifluorescence microscopy experiments. Using strains of *Et*, *Pa*, *Eo*, and *Psv* expressing autofluorescent proteins, it has been demonstrated that *Psv* intimately co-localizes with *Et*, *Pa*, and *Eo* ([@B25]; [@B86]).

Possible Role of the Resident Microbiota
========================================

In this section, based on scientific literature as well as *in silico* bioinformatics analysis, we address the following questions in order to begin to better understand the role of the resident microbiota, *Et*, *Eo*, and *Pa*, in the olive knot disease development.

1.  Does the resident microbiota possess the genetic traits characterizing an endophytic life style?

2.  Can resident microbiota produce biofilms?

3.  Do resident microbiota suppress plant defense responses?

Endophytic Lifestyle
--------------------

Endophytic bacteria colonize inner host tissues without damaging the plant host or eliciting strong defense responses. The molecular basis of this interaction is currently generally unknown. In addition, it is not clear whether these interactions are shared/common among different endophytes; however, there is evidence that several endophytic bacteria result in an array of beneficial effects for the plant ([@B104]; [@B97]). Evidence of a rich and diverse endophytic bacterial population in several plant hosts has been determined by culture independent omic methodologies ([@B61]; [@B108]). Currently we have very little knowledge on how bacteria adapt, colonize, and live as endophytes in plants.

Endophytes colonize the intercellular spaces in the epidermal and cortical regions and in some cases, at lower cell densities, can also invade the vascular tissue therefore allowing the spreading into shoots. Most endophytes are believed to enter inside the plant at the roots via the rhizosphere; this relies in part on motility, root penetration, and adaptation to the plant intercellular environment ([@B23]; [@B97]). This adaptation to a new environment also requires that the endophyte overcomes plant defense responses and the whole process can be viewed as similar to the one encountered by incoming phytopathogens with the major difference being that for endophytes, the plant--bacteria interaction is mutualistic. This is an important open question, i.e., how can endophytes colonize in high numbers a plant tissue without eliciting significant plant response and plant damage? Because they are able to colonize a niche similar to that of plant pathogens, they can become possible biocontrol agents to control incoming phytopathogens. Future studies will need to clarify the molecular mechanisms of adaptation, recognition, and communication between harmless or beneficial endophytes and the plant. In addition, which specific features belong to endophytes in comparison to soil, rhizosphere, and pathogenic microorganism?

In order to obtain insights into strategies of endophytic lifestyle, scientists are beginning to sequence the genomes of several endophytes and perform comparative genome studies. The initial bioinformatic analyses have not yet deduced genetic traits characterizing an endophyte ([@B72]). A wide spectrum of traits necessary for endophytic lifestyle is likely to exist including motility, chemotaxis, adhesion, signaling, membrane transport, secretion, and degradation of plant polymers and organic compounds as a recent study on an endophyte response at the molecular level to the plant environment has recently evidenced ([@B97]; [@B26]). As more genomes of endophytes are sequenced as well as genetic and molecular studies performed, it is expected that the main traits necessary for endophytic colonization will be revealed. This research will probably pick up quickly as it is believed that endophytes, as well as other plant-associated bacteria (collectively called plant microbiome), contribute significantly to plant health.

Similarly to *Psv*, it is possible that many of the bacteria living as endophytes in olive knots are also resident in the olive phyllosphere and enter in the plant tissues mainly through the wounds and not via the rhizosphere. In fact [@B35] isolated many bacterial species from olive phylloplane and *Pa* is one of the most represented. It cannot be excluded however that a part of the olive-knot endophytic residents originate from the rhizosphere of plant roots. In this sense and related with olive knot disease, *Pseudomonas fluorescens* strain PICF7, a native endophyte of olive roots and an effective biocontrol agent against the soil-borne fungus *Verticillium dahliae* ([@B70]), has been reported to establish and persist in olive stem tissues upon artificial inoculation. Although this strain is not able to suppress olive knot disease, its presence decreases pathogen population size and confine *Psv* at inner regions of the tumors ([@B63]). Genome analysis of this strain recently revealed genes that might be related to biocontrol and endophytic traits, such as encoding for secretion systems, siderophores, detoxifying compounds, or volatile components ([@B67]). Moreover, and as mentioned above, a recent metagenomic study on microbiome of olive knot indicated the presence of approximately 50% of the bacterial load being *Psv* and the remaining 50% being many different bacterial species belonging to different genera present in the olive knot ([@B86]). Many of the bacterial genera are also present in the rhizosphere thus it is likely that they are endophytes entering the olive plant via the roots. The rich bacterial endophytic population in the olive knot is likely to involve several mechanisms of molecular interaction including QS signal sharing and metabolic complementarity. This niche is therefore an excellent model to study all the different interactions taking place among an endophytic community, particularly among harmless bacteria as well as harmless bacteria and *Psv*.

Biofilm Production
------------------

Successful plant colonization is often linked to the ability of bacteria to form adherent microbial populations ([@B28]). This sessile form of bacterial life, also called biofilm, is extensively studied and very complex. Bacterial attachment to plant surfaces involves several proteins including adhesins, amyloid curli fimbriae, type I fimbriae, type IV pili, and flagella ([@B53]; [@B6]; [@B3]; [@B125]; [@B49]; [@B127]) as well as production of exopolysaccharides (EPS), capsular polysaccharides (CPS), and extracellular DNA (eDNA). Among the adhesins, filamentous hemagglutinin-like (FHA) proteins play a fundamental role in plant--bacteria interactions. FHA proteins of *Xanthomonas axonopodis* pv. *citri* is required for tissue colonization being mainly involved in surface attachment and biofilm formation ([@B43]). In *Pseudomonas* on the other hand, CdrA (an FHA-like protein) was shown to be associated with the Psl polysaccharide, which is a biofilm component ([@B11]). Since FHA genes are present in a number of bacterial endophytes, it has been hypothesized that they play a crucial role in the invasion of plant tissues and in biofilm formation ([@B72]). BlastP and analysis of neighboring genes demonstrated that *Eo* and *Et* possess FHA-like genes that could aid the formation of a stable biofilm structure. Further *in silico* analysis and experimental studies could demonstrate the importance of these high molecular weight proteins in biofilm formation as well as bacteria--bacteria and plant--bacteria interactions.

*Psv* strains are able to form air--liquid biofilms over abiotic surfaces ([@B120]; [@B89]). Furthermore, visualization of olive knot sections by scanning confocal laser microscopy (SCLM) and electron microscopy has allowed visualization of the organization of *Psv* cell clusters (microcolonies and biofilms) inside the host tissues. In fact, *Psv* is visualized inside olive knots forming biofilms composed of a multilayer of bacterial cells colonizing the surface and interior of plasmolysed host cells ([@B99]). Moreover, calcofluor epifluorescent microscopy has identified cellulose as the EPS component in biofilms produced by *Psv* strains ([@B120]). Thus, cellulose production by *Psv* cells might play a relevant role both in the virulence of *Psv* and in the establishment of mixed-species community biofilms (*Psv*, *Pa*, *Et*, and *Eo*) inside olive knots. In relation to virulence determinants, the size of the knots induced by *Psv* in olive plants has been shown to be dependent on the activity of several enzymes involved in the metabolism of the second messenger c-di-GMP, which in turn, regulate EPS production and biofilm formation ([@B89]; [@B2]). Further studies addressing the composition of the EPS matrix surrounding mixed-species bacterial biofilms established inside olive knots would be necessary to shed light in this hypothesis. Microscopic visualization of olive knots induced on *in vitro* micropropagated olive plants after mixed inoculation of *Et* and *Psv* revealed that the distribution of *Et* cells closely matched the position of *Psv* cells ([@B86]). Preliminary and similar results were obtained by [@B25] when *Eo* and *Pa* were assayed instead of *Et*. This close proximity possibly suggests that mixed biofilms occur inside olive knots; however, this hypothesis needs to be experimentally tested.

It was recently discovered that one mechanism by which Gram-negative bacteria that are in close proximity to each other can interact is by contact-dependent transport of effector proteins from a donor cell to a recipient cell via the activity of an apparatus known as the type VI secretion system (T6SS; [@B103]). Initially found to deliver effector proteins into eukaryotic cells, T6SS seems mainly involved in interbacterial interactions. Killing of bacteria (non-cooperators) that weaken the stability of a bacterial community and the contribution to maintain the three-dimensional architecture of bacterial communities is one of the potential roles of T6SS ([@B103]). Interestingly, *Eo* and *Pa* genomes harbor regions of 6.3 and 7.1 kb, respectively, flanked by mobile element proteins, which contain genes belonging to the T6SS, namely the loci *vgrG* and *rhs* which encode for valine/glycine-repeat protein G ([@B22]; [@B45]) and rearrangement HotSpot elements ([@B59]), respectively. The presence of the flanking mobile elements, the higher G + C content of this region with respect to the G + C content of the whole genomes of *Pa* and *Eo*, and the high similarity (99%) with *Psv* homolog genes, suggests an acquisition of this region via HGT possibly from *Psv*. We can hypothesize that strains of *Pa* and *Eo* have evolved together with *Psv* and that they collaborate with *Psv* in the maintenance the stability of the olive-knot consortium through T6SS. In addition, the biofilms, which are probably formed by multispecies communities in the olive knots provide an excellent environment for DNA exchange via HGT since cells are in close proximity for a long time and DNA can be trapped within the extracellular matrix ([@B62]). It is therefore tempting to speculate that these harmless residents in the knot can in the future evolve to become pathogenic by acquiring the loci from neighboring pathogenic cells.

Suppression of Plant Defenses
-----------------------------

Plants are exposed to a vast number of potential pathogens, against which they try to defend themselves through a multilayered system of preformed and induced defenses, both structural and biochemical. Few investigations have been carried out on the defense responses of olive plants against *Psv*, mostly because resistant olive cultivars to olive knot are not available ([@B87]). Important information on olive defense responses are provided by the studies on the resistance induced by the biocontrol agent *P. fluorescens* PICF7 ([@B106]; [@B42]). Unfortunately, this resistance is effective against Verticillium wilt ([@B91]; [@B106]) but not on olive knot disease ([@B63]). Thus, defense responses against *Psv* are essentially limited to studying weakly resistant or susceptible olive plants to *Psv* infections.

Among the structural induced defenses, [@B118] observed lignin deposits on cell walls of parenchyma olive cells around cavities and injured tissues caused by *Psv*. They also reported that new periderm was produced at the surface of the olive knots, which constitutes a barrier impairing the entrance of other pathogens and saprophytes.

Regarding the biochemical induced defenses, a number of histological and biochemical studies reported a marked accumulation of phenolic compounds in olive knots ([@B102]; [@B21]; [@B65]), a resistance mechanism well documented in many other bacterial diseases ([@B13]). More precisely the following two compounds are involved, the secoiridoids oleuropein and verbascoside. The phenolic glucoside oleuropein, which is an ester of elenolic acid with hydroxytyrosol linked to glucose through a 1,4-beta bond, showed its toxicity against *Psv* in the 0.1--1 mM concentration range, while oleuropein aglycone and hydroxytyrosol in the ranges 0.1--10 and 1--10 mM, respectively ([@B20]). Verbascoside is a heterosidic ester of caffeic acid and hydroxytyrosol linked to rhamnose and glucose, which has antimicrobial activity ([@B83]), though not documented for *Psv*. Since phenolic compounds accumulate inside olive cells, especially in the vacuoles ([@B119]), we can assume their antibacterial activity is manifested when plant cell disruption occurs. Therefore it is reasonable to speculate that this hypothetical defense response is effective during the early stage of the infection process, when *Psv* induces cavity formation in the plant tissues through pectolytic and hemicellulolytic enzymes, as well as during the later stages, when large cavities formed after the collapse of intercellular plant cells. By contrast, *Psv* and the endophytes discussed here may provoke the degradation of phenolic glucoside compounds through enzymatic activities. Genes for beta-glucosidases are present in *Psv*, *Et*, and *Eo*. These enzymes may cleave the glucoside moieties and allow the molecule to be further mineralized.

The phytohormone salicylic acid (SA) could also be involved in the defense against *Psv*. Besides acting as a signaling molecule in plant defense against biotrophic and hemibiotrophic plant pathogens ([@B10]), SA may function as an antimicrobial agent. [@B18] reported an accumulation of SA in the intercellular space of old *Arabidopsis* plants and correlated it with the age-related resistance to *Pseudomonas syringae* pv. *tomato* DC 3000. In fact, they also demonstrated that SA has antimicrobial activity against the bacterium and that the destruction of SA in the intercellular space by salicylate hydroxylase reduced the resistance level in Arabidopsis plants. If SA builds up in the olive knot apoplast it could result in antimicrobial activity against *Psv* (which is likely since *Psv* cannot convert SA to catechol as evidenced by [@B86]); this can be potentially alleviated by *Et* and *Pa* since these bacteria possess the salicylate hydroxylases gene, which converts SA to catechol. Catechol is one of the most important central intermediates in the aerobic bacterial metabolism of aromatic compounds ([@B48]) and it is toxic to *Psv* ([@B19]). This phenol may be further degraded and detoxified by the collaborative action of *Psv*, *Et*, *Eo*, and *Pa* enzymes by *ortho* cleavage via the 3-oxoadipate pathway, which lead in to the Krebs cycle ([@B48]; Figure [1](#F1){ref-type="fig"}). This is a possible example of how harmless endophyte residents can aid the growth of *Psv* pathogen via metabolic complementarity. Interestingly, in the genomes of several *Psv* strains there is a region of about 15 kb, named VR8 which is absent in all sequenced *P*. *syringae* strains infecting herbaceous plants. This region is however present in *P. syringae* pathovars infecting woody hosts, such as *aesculi*, *morsprunorum*, and *actinidiae* ([@B95]; [@B75]). Among other genes encoded in this region there is also the *catBCA* operon which is involved in the degradation of the catechol possibly allowing a selective advantage for growth in woody hosts.

There is a growing body of evidence that the T3Es injected inside plant cells by phytopathogenic bacteria suppress host defenses, i.e., PAMP-triggered immunity (PTI) and effector-triggered immunity (ETI; [@B54]). This occurs via different routes such as interference with immune receptor signaling, blocking of RNA pathways, and vesicle trafficking and alteration of organelle function ([@B9]). [@B69] demonstrated that seven *Psv* T3Es (HopA1, AvrRpm2, HopAA1, HopAZ1, HopBK1, HopBL1, and HopBL2) suppress the PTI and two of them (HopAZ1 and HopBL1) also suppress ETI. We cannot exclude that T3Es are produced by some endophytic bacteria of the olive-knot microbiome, which collaborate with *Psv* in mitigating host defenses. In fact, the HR-inducing strain of *Pa*, isolated from the olive microbiome and characterized by [@B76], harbors the *dspA/E* and *dspB/F* genes adjacent to its complete *hrc*/*hrp* gene cluster, which encode for the homologs *Erwinia amylovora* effector DspA/E and its chaperone DspB/F, which in turn is essential for DspA/E secretion and stability ([@B39]; [@B12]). Among the *E. amylovora* T3Es, DspA/E plays a pivotal role in disease development as mutants defective for this effector are non-pathogenic and are unable to grow in host plants ([@B7]; [@B38]) and non-host tobacco ([@B80]). DspA/E belong to the AvrE effector superfamily, which is widespread among type III-dependent phytopathogenic bacteria, playing a crucial role during bacterial pathogenesis by suppressing PTI and are also present in the genome of non-pathogenic plant associated bacteria ([@B30]). AvrE-T3Es inhibit SA-mediated plant defenses, interfere with vesicular trafficking and promote bacterial growth *in planta*. We can hypothesize that HR-inducing strains of *Pa* are able to deliver the effector DspA/E in olive cells, which, in turn, suppresses the host defenses and therefore facilitate the growth of microbiota inside the olive-knot (Figure [1](#F1){ref-type="fig"}). Interestingly, *Eo* genome harbors the *dspA/E* gene encoding proteins showing very high identity (99%) with those of *Pa*, suggesting a possible evolution in the olive-knot niche. However, differently from *Pa*, *Eo* does not possess a T3SS, therefore we do not know if it is able to secrete DspA/E effector.

Future directions and Concluding Remarks
----------------------------------------

It is now evident that a variety of bacterial species coexist in the natural environment building a network of interactions; this has led to the emergence of a new discipline which has been coined as sociomicrobiology ([@B84]). The most common form of social behavior in bacteria is the production of public goods (e.g., siderophores, extracellular enzymes, secondary metabolites), which benefit all individuals of the community, both cooperators, and defectors or cheaters ([@B126]). From an evolutionary point of view, it is known that microbial biodiversity is an important driver of ecological processes and the evolutionary history predicts the stability of cooperation in multispecies bacterial communities ([@B55]). The complex social behaviors of bacterial communities have been extensively investigated in *Pseudomonas aeruginosa* as the main actor, now considered a reference model to study fundamental questions about the costs and benefits of cooperation. These include the selective pressures that lead to cooperative behavior and the advantages of controlling cooperative behaviors by communication (for more detailed information, see [@B32]; [@B71]; [@B117]). In the olive knot model of multispecies bacterial community, it appears that *Psv* is a social bacterium, which has not evolved to cause disease independently or to live alone inside the olive knot, in spite of its capability to induce alone knot formation in olive trees. In fact, as documented in a number of olive-growing countries and in different and distant locations of the same country, bacterial endophytes, mainly belonging to *Pantoea* and *Erwinia* genera, are constantly associated with *Psv* inside olive knots ([@B36]; [@B82]; [@B51]; [@B86]). In addition, the presence of endophytes in the knots is not only observed in nature but also in plants artificially inoculated with *Psv*. Therefore, Psv is likely to find benefit in living in a multispecies community, possibly because it can better exploit plant nutrients as well as contrasting plant defenses.

Several possible contributions to virulence by the resident olive-knot bacteria have already been mentioned in the previously sections including production of phytohormones, biofilm formation, degradation of plant phenolic compounds, c-di-GMP signaling, production of T3 effectors, production of secreted cellulolytic enzymes, and QS signal sharing. An important aspect which merits attention in addition to the possible contribution of virulence is that, resident bacteria could be involved in the formation of a stable multispecies community which allows the pathogen and other bacteria to be most fit to attack plant cells and consequently grow in the olive-knot. This stability therefore needs to avoid diverse growth incompatibilities such as contact dependent mechanisms ([@B8]), production of antibacterial compounds and nutrient competition. Common co-isolation of bacterial species from a given niche does not automatically imply cooperation or synergism between them, but is an indication that some type of interaction is taking place. Importantly further studies are needed to investigate these interactions, for example: (i) *in vitro* analysis can focus on growth conditions trying to mimic what occurs in the olive knot; (ii) secondly *in silico* analysis can generate evidence for further *in vitro* studies especially in relation to metabolic complementarily and signaling and (iii) *in planta* studies involving microscopy and "omic" analysis might then validate the interactions model(s) extrapolated from *in vitro* and *in silico* investigations. For example, initial studies along this line have begun to show via genome sequencing that residents commonly isolated from olive knots possess putative metabolic pathways that are not complete in *Psv* which might lead to complementarity in the metabolism of compounds (e.g., for the mineralizing of [L]{.smallcaps}-rhamnose, [D]{.smallcaps}-galactose, [L]{.smallcaps}-arabinose, SA, and aminoethylphosphonic acid) found in the olive knot.

Many aspects merit further studies such as: (i) the effect of location, olive cultivar, environmental conditions on the relative abundance of the main endophytes inside the knots, (ii) the genetic variability of some endophytes, and (iii) the eventual translocation in the xylem of the endophytic bacteria as well as their fate away from the olive knots.

In conclusion, studies on bacterial plant diseases have thus far historically focused on single species (the pathogen), while little attention has been given on the many other microorganisms most likely present in the infection sites such as soft rotted tissues ([@B112]), cankers ([@B78]), and tumors ([@B79]). Microbiota living in the infection sites can possibly modulate the severity of the disease, establishing mutual, commensal, and antagonistic interactions as well as interacting with plant defense systems. These potentially complex interactions are largely unknown and in our view merit attention.

In this review, we report the results achieved to date on the multispecies aspect of the olive knot disease. These as well as the hypotheses drawn from the scientific literature in addition to *in silico* analysis indicate that the tumors caused by *Psv* in olive trees represent an ideal niche and an excellent model to study interspecies interactions, sociomicrobiology, evolution, cooperation, and competition of bacteria and could serve as a paradigm in plant pathology. These interactions could result in the evasion of the immune response, chemical signaling, metabolic exchange, and resident-to-pathogen switch ([@B124]). The sequencing of all the microbial members as well as the olive plant (<http://genomes.cribi.unipd.it/olive/wordpress/welcome/>) will be of importance in order to set up future experiments designed to understand interactions. It is likely that these kinds of studies will lead the way for other scientists investigating the potential role of other microbes present in the infection sites of plant diseases. Understanding these interactions could be of crucial importance in designing new and effective strategies for disease control.
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